The O antigen is an important cell wall antigen of gram-negative bacteria, and the genes responsible for its biosynthesis are located in a gene cluster. We have cloned and sequenced the DNA segment unique to the O-antigen gene cluster of Salmonella enterica group D3. This segment includes a novel O-antigen polymerase gene (wzy D3 ). The polymerase gives ␣(136) linkages but has no detectable sequence similarity to that of group D2, which confers the same linkage. We find the remnant of a D3-like wzy gene in the O-antigen gene clusters of groups D1 and B and suggest that this is the original wzy gene of these O-antigen gene clusters.
transferase which catalyzes the mannosyl ␤(134) linkage was named WbaO (RfbO) and is found in the O-antigen gene clusters of groups D2 and E1 (19) (Fig. 2) . For most O antigens, the wzy gene is located in the O-antigen gene cluster (3, 17, 23, 25) , and this is true for groups D2 and E1 (40) . However, the wzy gene for the ␣(132) linkage in groups B and D1 is elsewhere on the chromosome (26) . We have shown previously (40) that the group D2 O-antigen gene cluster comprises 5Ј and 3Ј components homologous to those of the D1 and E1 gene clusters, respectively, separated by an H-repeat (H-rpt)-like element (Fig. 2 ) which we suggested could have mediated a recombination event between D1 and E1 gene clusters to give the D2 cluster (40) .
We have investigated the O-antigen gene cluster of S. enterica group D3 strain M840 (Table 1) which was used in a previous study (39) . It had been proposed that group D3 strains may have two O-antigen gene clusters of the D1 and D2 types, which would provide a very simple explanation of the phenotype (24) . However, Southern blotting with several probes for genes common to both provided no support for this possibility (39) , and one would therefore expect to find an O-antigen gene cluster similar to that of D2, with the addition of a wbaU gene. Southern hybridization of chromosomal DNA of M840 with probes from the wbaO E1 , wbaU B , and wzy E1 genes was positive only with the wbaU B probe (39) (subscripts indicate the groups from which the genes were derived). Further Southern hybridization (39) showed that the D3 cluster resembled that of group D1 upstream of wbaV and downstream of wbaU, with a region of difference in the center of the cluster. This finding suggests that strain M840 has novel ␤-mannosyl transferase and wzy genes in the central region. In this study, we examined the central region of the O-antigen gene cluster of D3 to determine the basis of the specific characteristics of the D3 O antigen.
Sequencing the region between wbaV and wbaU of group D3. PCR was used to amplify the region between wbaV and wbaU of strain M840, using primers (365 and 16) indicated in Fig. 2 ; a 3.2-kb fragment was obtained. This fragment was then cloned into pGEM-T (Promega), and Escherichia coli DH10b (Table  1) was used as the host strain for the resulting plasmid, pPR1739. The region between the end of wbaV and the beginning of wbaU of M840 was completely sequenced in both directions, using dye-primer sequencing kits (ABI), a PerkinElmer Cetus DNA Thermal Cycler, and an ABI model 377 Sequencer. The sequencing of this region was done by using primer walking with each internal region amplified and cloned.
A 2,497-bp segment between the end of wbaV and the start of wbaU was sequenced.
The sequence was analyzed by using ANGIS (Australian National Genomic Information Service) (33) and the following programs: BESTFIT (5) and SEQH (14) for identification, similarity of DNA, or deduced amino acid sequences; ALOM (programs developed by M. Kanehisa, National Institutes of Health) for predication of potential transmembrane segments by the method of Klein et al. (16) ; and BLAST (1, 8) for database similarity searches. The first 877 bp are very similar to the corresponding region of group D2, including the last 50 bp of wbaV, 376 bp of noncoding DNA, followed by 451 bp of the H-rpt (insertion sequence-like element) (40) . The average level of DNA sequence identity in this region is 78.7%. After the H-rpt sequence, there is a 418-bp noncoding region which has no detectable homology with any sequence in the database (GenBank), and then an open reading frame (ORF) of 1,176 bp ( Fig. 2) , with its stop codon overlapped by the start codon of the wbaU gene (ATGA).
Identification of the wzy D3 gene. We were expecting an ␣(136) O-antigen polymerase gene and a ␤(134) mannose transferase gene. Analysis of the deduced amino acid sequence of the protein product of the only ORF (392 amino acids) showed no detectable sequence similarity to any protein in GenBank; however it has a hydropathy profile very similar to those of Wzy proteins, with 10 potential transmembrane segments and a large periplasmic loop (data not shown), making it a candidate for the predicted ␣(136) O-antigen polymerase gene.
Plasmid pPR1739 was transferred into S. enterica serovar Typhimurium strain C5 wzy mutant LV386 (Table 1) , and LPS of the resulting strain was analyzed by electrophoresis using a sodium dodecyl sulfate-12.5% polyacrylamide gel (22) (Fig. 3) . The results showed that LV386/pPR1739 produced long-chain O antigen, indicating that the wzy mutation could be complemented by the only ORF in pPR1739, which is thereby shown to be an O-antigen polymerase gene and named wzy. It is identified as wzy D3 in this report. Strain LV386/pPR1739 agglutinated with O27 antiserum in addition to O4 antiserum ( Table 2 ), indicating that this polymerase ligates O units with an ␣(136) linkage. However, our O27 antiserum, which agglutinated LV386/pPR1739, did not agglutinate strain M840, which should be O1,9,27,46 (see below for explanation). Group D3 has O units with both mannosyl ␣(134) and mannosyl ␤(134) linkages, and we investigated if both are polymerized by Wzy D3 by combining the wzy D3 and ␤(134) mannose transferase genes in a wzy mutant. We made plasmid pPR1820, which carries the wbaO gene from group E1 and the wzy D3 in low-copy-number vector pPR637 (13) . We cloned the 2.1-kb HincII-PstI fragment from pPR966 (positions 10045 to 12217 of the group E1 O-antigen gene cluster [38] ) into HindIII (end-filled) and PstI sites on the polylinker of pPR637, followed by cloning of the 2.1-kb insert as a BglII-SacI (vector) fragment from pPR1739 into the resulting plasmid, using BamHI and SacI sites. Our only wzy mutant, LV386, was unexpectedly found to be spectinomycin and streptomycin resistant and therefore not suitable for transfer of pPR1820; therefore, we made P9487, a wzy mutant of LT2 (Table 1) . Strain P9487/pPR1820 has ␣(136) polymerase, ␣-mannosyl, and ␤-mannosyl transferase genes and should produce two kinds of O antigen: -6-[(␣Abe-1,3-)-␣Man-1,4-␣Rha-1,3-␣Gal]-1-, and -6-[(␣Abe-1,3-)-␤Man-1,4-␣Rha-1,3-␣Gal]-1-(see the legend to Fig. 1 for abbreviations) . Strain P9487/pPR1820 was agglutinated with O27 antiserum but not O46 antiserum (Table 2) . Factors 27 and 46 have been related to the oligosaccharide -6-[(␣DDH-1,3-)-␣(␤)Man-1,4-␣Rha-1,3-␣Gal]-1-with ␣-mannose for O27 and ␤-mannose for O46. Agglutination with O27 serum indicates that the wzy D3 gene in this construct is active. The failure of the O46 serum to agglutinate suggested that the ␤-mannosyl (134) linkage is absent in the polymer, but see below.
Plasmid pPR618, which carries prt (rfbS) and tyv (rfbE) genes of group D1, allowing synthesis of CDP-tyvelose in a group B strain (37), was transferred into P9487/pPR1820. Strain P9487/ pPR1820/pPR618 could potentially produce two additional O antigens: -6-[(␣Tyv-1,3-)-␣Man-1,4-␣Rha-1,3-␣Gal]-1-and -6-[(␣Tyv-1,3-)-␤Man-1,4-␣Rha-1,3-␣Gal]-1-; this strain was agglutinated with O4, O9, O27, and O46 antisera (Table 2) , the latter indicating the presence of the mannosyl ␤(134) linkage, showing that Wzy D3 could polymerize O units containing ␤-mannose in addition to those containing ␣-mannose. It is interesting that the polymerase making the galactosyl-mannose linkage is not specific for the anomeric state of the mannosyl residue, although the situation is not known for the E1/D2 and group B polymerases, which have not been tested with the alternate form of the O unit.
Specificity of O27 and O46 sera. In group B and D1 strains lysogenized by phage P27, a phage-encoded polymerase forms ␣(136) linkages between O units, conferring the new epitope, O27 (2, 18) . The failure of the O27 serum to agglutinate the parental group D3 strain in our hands (see above) probably reflects the specificity of the O27 sera for the DDH. Distinct epitopes O27A, O27B, and O27D were distinguished in the early literature (35) as cross-reacting specificities for the O antigens of group A, B, and D1 strains, respectively, when lysogenized by phage P27. However, the current protocol for O27 serum (6) uses a lysogenized group B strain, and the Difco O27 antiserum used in this study had been raised by using S. enterica serovar Schleissheim (group B, phage 27-lysogenized strain [O1, 4, 12, 27] , absorbed with S. enterica serovars Paratyphi B [O1, 4, 5, 12] and Essen [O4,12]) (4a). Given that three related but distinct specificities were recognized earlier, it probably has much lower specificity for tyvelose-containing O antigens than for those with abequose and hence at the dilution provided failed to agglutinate our group D3 strain.
We suggest that the current nomenclature, treating O27 as a single specificity, can be misleading as the standard O27 serum, made with a group B lysogen (6), does not appear to agglutinate all strains carrying the O27 specificity at the dilution present in commercial sera, the activity being dependent on the DDH present. This may well have led to underreporting of group D3 strains, which would appear as group D2 strains if the O27 serum was not effective at the dilution used. It is of interest that the O27 serum used in a specific study of group D3 (28) was made not by the standard protocol but by using a lysogenized group D1 strain, presumably to gain better reaction with the tyvelose-containing D3 O antigen.
The O46 epitope was identified in group D2 and is also present in group D3; agglutination by O46 serum requires the ␣(136) linkage between galactose and ␤-mannose (not ␣-mannose). The O antigen of group E1, which has the structure described above (Fig. 1) , does not react to O46 serum (32) , showing that DDH is also required. We suggest that the ␤-mannosyl linkage is present in both P9487/pPR1820/pPR618 and P9487/pPR1820, and the failure of the O46 serum to react with the O antigen of P9487/pPR1820 while reacting with P9487/pPR1820/pPR618 reflects a requirement for tyvelose (not abequose) as DDH. The O antigen of P9487/pPR1820 has a unique structure with ␣(136) linkage between galactose and ␤-mannose and with abequose as DDH. It is possible that as for O27, there are three forms of O46 with preference for abequose, paratose, and tyvelose, but this has not been tested by titration of sera against the three O-antigen forms.
Lack of the ␤-mannosyl transferase gene. We did not find the expected ␤-mannosyl transferase gene in the O-antigen gene cluster of group D3. We therefore looked at regions between wbaV and wbaN of four additional group D3 strains (Table 1) together with M840 to determine whether M840 was typical. PCR using primers 365 and 20 ( Fig. 2) showed that a 4.3-kb DNA fragment could be amplified from all five strains, indicating that the gene organization in this region is the same in all of them. The wbaO gene of group D3 has not been located but must have little or no sequence similarity to the known wbaO gene in group E1 and D2, and it might be present on a phage on elsewhere of the chromosome.
Ancestral form of group B and D1 O antigens. The 318-bp remnant wzy gene of group B between wbaV and wbaU (bp 15061 to 15,378 [13] ) has a high level of identity to the wzy D3 gene at the nucleic acid level (Fig. 4) . The corresponding region of group D1 is more complex: there are 577 bp (positions 2303 to 2879 [21] ), of which the first 344 show low-level similarity to wzy D2/E1 at the amino acid level (40) , while the following 233-bp sequence has a high level of identity to wzy D3 (Fig. 4) .
Alignment of the functional wzy D3 gene with the remnants of such a gene in the wbaV-wbaU intergenic spaces of groups B and D1 (Fig. 4) gives a strong indication that groups B and D1 once shared a common wzy gene for an ␣(136) linkage in addition to their many other similarities: they now have an ␣(132) linkage wzy gene of unknown origin elsewhere on the chromosome (the original rfc gene of strain LT2). Presumably the ancestral ␣(136) wzy gene suffered inactivation and substantial deletion after the introduction of the new ␣(132) polymerase gene. There are possible parallels with E2 strains which have the E1 antigen gene cluster but in addition a bacteriophage (ε15) which encodes a ␤(136) linkage polymerase which functionally replaces the ␣(136) linkage polymerase of the E1 O-antigen cluster (24) .
It is interesting that the presumed ancestral ␣(136) linkage was regained later in many group B strains by lysogenization with the P27 bacteriophage which carries an ␣(136) linkage polymerase (24) , but in this case nothing is known of the wzy gene. O27 strains thought to be of this type comprise 74 of 144 group B serovars (32) . The ␣(136) linkage is also present in group D2; in this case the gene involved is derived from group E1 (40) .
Origins of the D3 O-antigen gene cluster. The location of the H-rpt suggests that it was involved in transfer of the wzy gene to create the D3 gene cluster, just as we proposed for wzy E1 of D2. In the case of D2, both wzy and wbaO are almost identical to genes of group E1 whereas the rest of the gene cluster is from group D1, making an origin by recombination very convincing. However, in the case of D3, the one additional gene not present in group D1, wzy D3 , is the wzy gene that we now also believe to have been in the ancestral O-antigen D1 and B gene clusters. It is not yet clear how the D3 gene cluster arose, as there are alternative possibilities. In some ways, the simplest hypothesis is that it derives from the ancestral D1 cluster by addition of an H-rpt, which subsequently suffered deletion of its downstream end. However, in that case we have no explanation for the presence of the H-rpt in the D3 cluster.
The alternative hypothesis is that the D3 cluster arose by transfer of the wzy gene mediated by the H-rpt. The insertion site of the H-rpt is the same in D2 and D3 (only the left-hand end survives in D3), suggesting that the same H-rpt insertion was involved in the formation of both D2 and D3. However, the sequence of events is not clear, as two different wzy genes are involved. The recipient would have been a D1 strain or B strain which had lost its ␣(136)-linkage wzy gene and regained it by this recombination. It is too early to speculate in detail, but the alignments are shown in Fig. 2 .
Nucleotide sequence accession number. The GenBank accession number of the sequence shown in Fig. 2 is AF017148.
